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1. Introduction {#pip2702-sec-0002}
===============

Light‐management concepts that efficiently couple light into solar cells and enhance the absorption in optically thin absorber layers are essential to achieve high‐power conversion efficiencies and low production costs [1](#pip2702-bib-0001){ref-type="ref"}, [2](#pip2702-bib-0002){ref-type="ref"}, [3](#pip2702-bib-0003){ref-type="ref"}. To improve the energy conversion efficiency and reduce the material consumption of crystalline silicon (c‐Si) cells, a continuation of the trend toward thinner wafers is imperative. However, this reduction in thickness results in a lower absorptance, which can be countered by light trapping schemes. It is therefore expected that light trapping will become increasingly more important for c‐Si cells [4](#pip2702-bib-0004){ref-type="ref"}. Light trapping is already important in thin‐film solar cells like nanocrystalline silicon cells, as they do extensively rely on light management to increase the optical path length to realize a competitive efficiency. At the same time, there is considerable interest for methods that prevent light from being reflected at the front surface due to the refractive index contrast, like structures similar to moth eyes [5](#pip2702-bib-0005){ref-type="ref"}.

One of the reasons why the efficiency of commercial modules is lower than the theoretical efficiency limit is the difficult trade‐off between the optical and electrical cell properties. Internal light trapping schemes, like texturing of the surface of the absorber, improve the absorption, but at the same time deteriorate the electrical properties of the solar cell by inducing additional bulk and surface recombination centers [6](#pip2702-bib-0006){ref-type="ref"}, [7](#pip2702-bib-0007){ref-type="ref"}, [8](#pip2702-bib-0008){ref-type="ref"}, [9](#pip2702-bib-0009){ref-type="ref"}. Additionally, nanotextured metallic back reflectors and textured front contacts increase the parasitic absorptance [10](#pip2702-bib-0010){ref-type="ref"}, [11](#pip2702-bib-0011){ref-type="ref"}, [12](#pip2702-bib-0012){ref-type="ref"}, [13](#pip2702-bib-0013){ref-type="ref"}, [14](#pip2702-bib-0014){ref-type="ref"}. It thus remains a challenge to realize internal light trapping schemes without affecting the electrical properties of the solar cell [15](#pip2702-bib-0015){ref-type="ref"}, [16](#pip2702-bib-0016){ref-type="ref"}, [17](#pip2702-bib-0017){ref-type="ref"}. In this paper, we introduce an external light trap that is of interest for all solar cell technologies, because the light trap is placed as an add‐on on top of the cell and retro‐reflects the light that is reflected and radiatively emitted by the solar cell. Although the theoretical concept of external light trapping has been wandering in literature and patents for several decades [18](#pip2702-bib-0018){ref-type="ref"}, [19](#pip2702-bib-0019){ref-type="ref"}, [20](#pip2702-bib-0020){ref-type="ref"}, [21](#pip2702-bib-0021){ref-type="ref"}, [22](#pip2702-bib-0022){ref-type="ref"}, [23](#pip2702-bib-0023){ref-type="ref"}, [24](#pip2702-bib-0024){ref-type="ref"}, we report on the first successful experimental demonstration. Figure [1](#pip2702-fig-0001){ref-type="fig"}(a) illustrates how sunlight can be externally trapped by "squeezing" the light through a small aperture in the light trap. The cross‐sectional area of the hole is much smaller than that of the solar cell; thereby, the light trap retro‐reflects the light that would otherwise escape. Consequently, this external light trap reduces the optical losses and increases the light harvesting over the entire solar spectrum. The light trap consists of two parts: a parabolic concentrator and a cage; see Figure [1](#pip2702-fig-0001){ref-type="fig"}(b) for a 3D model. Most of the photons that are reflected by the front surface of the solar cell and those that passed the cell but were not absorbed are retro‐reflected by the external light trap. It should be noted that this method of light trapping differs markedly from conventional concentrated photovoltaics.

![(a) Schematic illustration of the external light trap. By concentration, light is funneled through a small aperture and is trapped. Also shown in green is the reflection from a metallic reflective front contact. (b) A rendered 3D‐model of the light trap. The front quarter of the light trap is removed for visibility. A concentrator is placed on top of a square cage with the solar cell at the bottom (cell area shown in red). Most of the reflected light from the solar cell is recycled within the cage.](PIP-24-623-g001){#pip2702-fig-0001}

The external light trap reduces the need for internal light trapping schemes and anti‐reflection coatings that interfere with the electrical performance of the cell [25](#pip2702-bib-0025){ref-type="ref"}, [26](#pip2702-bib-0026){ref-type="ref"}, [27](#pip2702-bib-0027){ref-type="ref"}. An external light trap circumvents the electro‐optical dilemmas, because it allows one to focus mainly on the electrical performance of the cell. The light trap targets three major optical loss mechanisms present in all solar cells: (i) reflection at the cell at its front surface, metal fingers, busbars, and the reflective area between the solar cells; (ii) incomplete absorption, mainly at long wavelengths (*λ*); and (iii) photons emittedby radiative recombination. For most solar cells, like c‐Si, combating the losses due to reflection and poor absorption is most rewarding. Currently, the recycling of radiatively emitted photons is mainly interesting for gallium arsenide (GaAs) cells due to its relatively high external radiative efficiency [28](#pip2702-bib-0028){ref-type="ref"}, [29](#pip2702-bib-0029){ref-type="ref"}, [30](#pip2702-bib-0030){ref-type="ref"}, [31](#pip2702-bib-0031){ref-type="ref"}. Another benefit of the introduced concept is that it can help concentrated photovoltaics by reducing the heat load of the cell compared with conventional concentrated photovoltaics.

Internal light trapping schemes theoretically result in a path length enhancement of maximally 2*n* ^2^× the double cell pass [32](#pip2702-bib-0032){ref-type="ref"}. Therefore, external light trapping is of special interest for low refractive index (*n* ∼ 2) materials, such as organic and perovskite solar cells, because this method is independent of the refractive index.

The top of the external light trap is a compound parabolic concentrator (CPC). CPCs are generally applied for concentrated photovoltaics and solar thermal applications. There are basically three different categories of CPCs: macroscopic‐sized, millimeter‐sized, and micrometer‐sized concentrators. Macroscopic CPCs are commonly used in evacuated tube collectors and solar thermal applications [33](#pip2702-bib-0033){ref-type="ref"}, [34](#pip2702-bib-0034){ref-type="ref"}, [35](#pip2702-bib-0035){ref-type="ref"}. Millimeter‐sized CPCs were proposed to benefit from the relatively low Joule losses of small solar cells [36](#pip2702-bib-0036){ref-type="ref"} and to realize a low‐cost, flat plate‐like concentrated photovoltaic module [37](#pip2702-bib-0037){ref-type="ref"}, [38](#pip2702-bib-0038){ref-type="ref"}, [39](#pip2702-bib-0039){ref-type="ref"}, while others fabricated micro‐sized CPCs using two‐photon lithography [23](#pip2702-bib-0023){ref-type="ref"}, [24](#pip2702-bib-0024){ref-type="ref"}.

We investigate the performance of the external light trap using a millimeter‐scaled 3D‐printed CPC placed on top of a 1.2 μm thick superstrate hydrogenated nanocrystalline silicon (nc‐Si:H) cell. The usage of the light trap is certainly not restricted to nc‐Si:H cells. This work opens a new domain of solar cell development in which no electro‐optical compromises are needed, leaving more space to focus on the electrical performance of the solar cell.

2. Optical Model for External Light Trapping {#pip2702-sec-0003}
============================================

Thermodynamics forbids the concept of a one‐way mirror that would allow thermal heat to radiate unidirectionally from a cold to a hot body, because this violates the second law of thermodynamics [40](#pip2702-bib-0040){ref-type="ref"}. The external light trap seems to violate this law because light can travel unhindered from the sun to the solar cell, while most radiation originating from the solar cell is retro‐reflected by the trap. However, the trap also restricts the solid angle of light that is accepted, which enables an equivalent restriction of the escape area of the light confined in the trap [41](#pip2702-bib-0041){ref-type="ref"}. Therefore, the angular étendue restriction by the CPC enables efficient retro‐reflection of the light that did not escape through the aperture. Because the étendue restriction of radiatively emitted and accepted photons is identical, the external light trap does not violate thermodynamics.

For the external light trap, an absorption gain by light trapping is obtained upon placement of a cage between the CPC and the cell. The spacing of the cage enables sufficient divergence of the light beam, such that it does not escape through the aperture after the first reflection. The trap not only restricts the angular cone of acceptance, but also imposes an equivalent restriction for the trapped light: the light reflected by the solar cell outside this acceptance étendue is retro‐reflected. Because of this equivalency, the probability of photons to escape from the trap, *P*(escape), is in first order inversely proportional to the concentration factor (*C*). $$\frac{1}{P\left( \text{escape} \right)} = C = \frac{1}{\sin\left( \theta_{\text{acceptance}} \right)^{2}}$$ where *θ* ~acceptance~ is the half angle of the acceptance cone of the concentrator [41](#pip2702-bib-0041){ref-type="ref"}. This reciprocity dictates that the restriction of the escape area within the light trap is inversely correlated to the angular acceptance restriction outside the trap, which is similar to rugate filters [29](#pip2702-bib-0029){ref-type="ref"}, [42](#pip2702-bib-0042){ref-type="ref"}, [43](#pip2702-bib-0043){ref-type="ref"}.

The restriction of the escape probability of photons increases the absorptance in the solar cell. In general, the intrinsic efficiency limit increases when the cell thickness is reduced while the absorptance stays constant [18](#pip2702-bib-0018){ref-type="ref"}. The improved energy conversion efficiency limit is possible because thin solar cells have effectively less recombination and thereby a relatively high open circuit voltage. This is illustrated by c‐Si solar cells. Because of the thickness‐related Auger and Shockley--Reed--Hall  recombination, the maximum possible efficiency of ideally thin (3 μm) c‐Si cells under maximum angular restriction is 33.4% and thus significantly higher than 29.5% of a thick solar cell without angular restriction [18](#pip2702-bib-0018){ref-type="ref"}, [44](#pip2702-bib-0044){ref-type="ref"}, [45](#pip2702-bib-0045){ref-type="ref"}.

To explain the effectiveness of external light trapping, we introduce the following optical model. For simplicity, we first consider a hypothetical case in which light is completely diffused and homogenized inside the cage (or cavity). This condition can be realized by integrating a diffuser layer or white paint in the cage. Furthermore, we assume that the solar cell response does not depend on the angle of incidence of the light. Once a photon enters the cage and is reflected by the cell, the probability to escape via the aperture is in first order given by the following area ratio [41](#pip2702-bib-0041){ref-type="ref"} $$P\left( \text{escape} \right) = \frac{A_{\text{aperture}}}{A_{\text{cell}}}$$ In the low absorbing limit, the photons thereby traverse the cell statistically *C* times as much as a bare cell. The statistical‐averaged path length enhancement factor due to external light trapping (Π~ext,\ low\ absorbing~) is roughly equal to the area ratio $$\Pi_{\text{ext,\ low\ absorbing}}\mathbb{\backsim C} = \frac{A_{\text{CPC}}}{A_{\text{aperture}}}\left( {= \frac{A_{\text{cell}}}{A_{\text{aperture}}}} \right)$$ where *A* ~CPC~, *A* ~aperture~, and *A* ~cell~ are, respectively, the area of the CPC opening, the CPC bottom aperture, and the illuminated cell area [33](#pip2702-bib-0033){ref-type="ref"}, [41](#pip2702-bib-0041){ref-type="ref"}. As *A* ~CPC~ was made equal to *A* ~cell~, there is no effective enhancement due to concentration and we thus only investigate light trapping. In the low absorbing limit, the value of Π~ext~ of an angular restrictor is thus equivalent to *C* [41](#pip2702-bib-0041){ref-type="ref"}.

The optical model that we used includes the losses originating from the CPC, cage, and cell. Initially, a fraction *T* ~c~ is transmitted by the CPC and penetrates into the solar cell. A fraction *T* ~c~ *A* ~sc~ is absorbed. Most of the reflected light (*R* ~sc~=*T* ~c~(1 − *A* ~sc~)) does not escape but is instead retro‐reflected by the top of the cage with reflectivity *R* ~cage~. For homogeneously distributed light, a fraction *C* ^−1^ escapes from the trap and (1 − *C* ^−1^)*R* ~cage~ is reflected backwards by the cage. The cage absorbs a small fraction (1 − *C* ^−1^)*A* ~cage~. This process continues infinitely and the absorption accumulates. The total absorptance (*A* ~T~) is thus given by $$\begin{matrix}
{A_{T} =} & {T_{c}\left\lbrack {\overset{1^{st}\;{hit}}{\overset{︷}{A_{\text{sc}}}} + \overset{2^{nd}\;{hit}}{\overset{︷}{R_{\text{sc}}\left( {1 - C^{- 1}} \right)R_{\text{cage}}A_{\text{sc}}}}} \right.} \\
{\qquad\left. {+ \sum\limits_{n = 2}^{\infty}\overset{n^{th}\;\text{hit}}{\overset{︷}{R_{\text{sc}}^{n}\left( {1 - C^{- 1}} \right)^{n}R_{\text{cage}}^{n}A_{\text{sc}}}}} \right\rbrack} & \\
\end{matrix}$$ The sum of this geometric series is given by $$A_{T}\quad = \quad T_{c} \cdot \frac{A_{\text{sc}}}{1 - R_{\text{sc}}\left( {1 - C^{- 1}} \right)R_{\text{cage}}}$$ All parameters, except *C*, are wavelength dependent.

Figure [2](#pip2702-fig-0002){ref-type="fig"} shows the total absorptance for the cell with trap as a function of the bare cell absorptance for four light trapping cases. For a higher concentration factor, the escape probability is lower, and thereby, the total absorptance is higher. The quality of the CPC is more important for cells with a high absorptance as the optical loss in the CPC has to be compensated by light trapping. Low values of Π~ext~ (2 − 10×) do already have a significant impact on the absorptance. For example, for Π~ext~=10×, a cell with an absorptance of just 20% will be enhanced to 60% by the light trap. When Π~ext~ increases, the total absorptance in the cell converges toward the transmittance of the CPC.

![Absorptance enhancement by external light trapping. The four path length enhancement cases indicate the cell absorptance with light trap (*A* ~T~) as a function of the bare cell absorptance (*A* ~sc~) at the indicated concentration factors   $\left( C = \frac{1}{P\left( \text{escape} \right)} \right)$. *T* ~c~ is set to 95% and *R* ~cage~ to 95%.](PIP-24-623-g002){#pip2702-fig-0002}

It is of interest to compare internal and (concentrator based) external light trapping to identify the optimal method and to investigate how both trapping mechanisms can be combined. Internal light trapping is realized by scattering and total internal reflection within the cell. At low absorptivity, this results in a maximum theoretical path length enhancement factor of Π~int~=2*n* ^2^× with respect to a double cell pass [32](#pip2702-bib-0032){ref-type="ref"}, [46](#pip2702-bib-0046){ref-type="ref"}. For silicon cells, this corresponds to a factor of ∼2·3.5^2^=24.5×. However, in practice, only broadband path length enhancement factors up to \~10× are realized [47](#pip2702-bib-0047){ref-type="ref"}.

For a perfect light trap, the external path length enhancement (Π~ext~) is in the low absorbing limit equal to *C* (Eq. [(2)](#pip2702-disp-0003){ref-type="disp-formula"}). However, as a consequence of the non‐zero absorptance values, Π~ext~ ranges from 1× to 6×. From the experimental data, the effective path length enhancement factor can be derived using (Supporting Information) $$\Pi_{\text{ext}} = \frac{\log\left( 1 - A_{T} \right)}{\log\left( 1 - A_{\text{sc}} \right)}$$ The external light trap thus results in a path length enhancement of Π~ext~, which is equivalent to an effective thickness of *z* ~eff~=Π~ext~·*z*, with *z* the solar cell thickness. Alternatively, one can consider the net effect of light trapping as an effective absorption coefficient (*α*) enhancement from *α* to Π~ext~·*α*.

The total path length enhancement (Π~total~) is determined by the product of the internal and external path length enhancement factors, Π~total~=Π~int~·Π~ext~, and thus, $$\Pi_{\text{total}} = \frac{2\; n^{2}}{\sin\limits^{2}\left( \theta_{\text{acceptance}} \right)}$$ where *θ* ~acceptance~ is the half angle of the acceptance cone [18](#pip2702-bib-0018){ref-type="ref"}. As *θ* ~sun~ is only ∼0.266°, this translates to a remarkable maximum path length enhancement factor in the order of  $2n^{2} \cdot 46000\mathbb{\square}10^{6} \times$ for direct sunlight. The theoretically maximum contribution to the total path length enhancement from external light trapping is thus considerably higher than that of internal light trapping.

3. Design and Fabrication of the External Light Trap {#pip2702-sec-0004}
====================================================

After introducing the theoretical framework of the efficiency enhancing potential of the external light trap, we address its design and fabrication. A cross section of the fabricated light trap is illustrated in Figure [3](#pip2702-fig-0003){ref-type="fig"}(a). The CPC is designed in such a way that the angle of incidence at the cell at its front surface is below the Brewster angle of glass. This design prevents undesirably large Fresnel reflectance at large incidence angles; see Supporting Information. The optimization of the concentration factor of the light trap is primarily a trade‐off between the negative effects of design inaccuracies on the CPC transmission at high *C* and the improved absorptance due to path length enhancement at high *C*. It was found that, with the used 3D print technique and CPC size, it is technically challenging to realize high transmittance for concentration factors with *C* \> 10×. This is mainly due to the need for higher accuracy with increase of *C*. Small deviations from the intended optical path will increasingly result in rejection of the light when the diameter of the exit aperture is reduced. Low concentration factors (*C* *\~*2 − 10×) are already sufficient to make a significant absorptance change. In this study, we therefore used a CPC with a geometrical concentration factor of *C* = 6, which experimentally showed both high transmittance and a descent absorption enhancement.

![(a) A vertical cross section through the symmetry axis of the light trap. The compound parabolic concentrator (CPC) is rotationally symmetric, the cage is a cuboid. The light impacting the left side of the CPC is focused on the right red focal point and vice versa for blue. The inset shows a 3D model of the design: a circular CPC is placed directly on top of the square cage. (b) Top view of the square cage. Because of the rotational symmetry of the CPC, the focal points form a focal ring (indicated in green). Two horizontal projections of different light paths are shown. The blue dots indicate the spots where the light is reflected by the solar cell. Path p1 corresponds with that shown in Figure [3](#pip2702-fig-0003){ref-type="fig"}(a). Light following path p2 travels a longer distance and thus hits the cell more often compared with p1. The distance between the spots depends on the polar angle with the *z* axis. This in turn depends on the radial location where the initial beam hits the paraboloid.](PIP-24-623-g003){#pip2702-fig-0003}

One can engineer the light trap such that the path length enhancement for specular reflected light in the cage is even higher than the model, which is based on homogeneously distributed of light, would predict. The intensity (*I*) in the cell drops in first order exponentially according the Beer--Lambert law, *I* = *I* ~0~·*e* ^−*α*·*l*^, with *l* the distance traveled through the cell. Once the trap is applied, the power escaping through the aperture is related to the exponential intensity decay with the number of cell passes: *I* ~escape~=*I* ~0~·*A* ^*\#*cell\ passes^. The external light trap exploits this exponential decay as the specularly reflected light cannot escape from the trap in the first recycle events, because the light initially only propagates radially outwards; see Figure [3](#pip2702-fig-0003){ref-type="fig"}(b). This opportunity to postpone the first escape occurrence is an advantage over internal trapping schemes. This escape postponement cannot be obtained when the cell reflects the light diffusely. The largest path length enhancement is therefore expected for a flat, specular reflective cell, combined with a specular reflective cage. An additional advantage of a flat cell design is the superior electrical quality [15](#pip2702-bib-0015){ref-type="ref"}.

The light trap is 3D printed from acrylonitrile butadiene styrene using an Ultimaker [48](#pip2702-bib-0048){ref-type="ref"}. The use of acrylonitrile butadiene styrene (ABS) allows the prints to be vapor smoothened by exposure to a saturated acetone vapor; see Figure [4](#pip2702-fig-0004){ref-type="fig"}(a) and the Supporting Information. After smoothening, the cage and the CPC were silver coated, resulting in focusing of sunlight, as can be seen in Figure [4](#pip2702-fig-0004){ref-type="fig"}(b). Figure [4](#pip2702-fig-0004){ref-type="fig"}(c) shows the square cage and the circular concentrator that are stacked to form the light trap. The opening area of both the CPC and the cage is 81mm^2^. We used a square cage to match the usual shape of the solar cell. Moreover, the square cage design is an interesting candidate for large area module integration. By arranging multiple square cages into a square array, a large area can be efficiently covered by light traps [49](#pip2702-bib-0049){ref-type="ref"}. Some undesired unevenness of the parabolic shape can be observed by eye from the small distortion in the projected image inside of the CPC; see Figure [4](#pip2702-fig-0004){ref-type="fig"}(d). The formation of wrinkles might be prevented by using a more accurate fused deposition modeling printer and by improving the acetone treatment. As an alternative, one could use a different 3D printer, such as a stereolithography printer (based on optical curing of a resin).

![(a) A 3D‐printed compound parabolic concentrator (CPC) before and after chemical smoothening, the insets show the enlarged surface. (b) The silver‐coated CPC with a focal ring of sunlight at the center. (c) The separated cage and CPC that can be combined to an external light trap. (d) View of the CPC from the entrance side, showing the reflection in the parabolic curve. Two wrinkles in the concentrator are encircled in red.](PIP-24-623-g004){#pip2702-fig-0004}

The finished light trap was placed on top of a flat, square thin‐film nc‐Si:H solar cell prepared in superstrate configuration; see Figure [5](#pip2702-fig-0005){ref-type="fig"}. The fabrication of the solar cell is described in the Supporting Information. The light trap changes the angle of incidence to non‐normal angles. According to Snell\'s law, the path length thereby increases (relatively) more in the low refractive index ZnO than in the high index Si. This results in a relative increase of the parasitic losses.

![Illustration of the design of the hydrogenated nanocrystalline solar cell. The arrows indicate a light trace. Some interface reflections are shown in gray.](PIP-24-623-g005){#pip2702-fig-0005}

Depending on the exact geometry of the light trap, the illumination of the cell can become inhomogeneous, which negatively affects the cell performance [50](#pip2702-bib-0050){ref-type="ref"}, [51](#pip2702-bib-0051){ref-type="ref"}. We describe this potential issue and some solutions in more detail in the Supporting Information.

4. Results and Discussion {#pip2702-sec-0005}
=========================

The square cage was placed on top of the square solar cell and used as a mask to determine the current density versus voltage (*J--V*) characteristics of the bare solar cell. Subsequently, the CPC (with equal opening area) is placed on top of the cage to determine the opto‐electrical improvement by the external light trapping. Figure [6](#pip2702-fig-0006){ref-type="fig"} shows the *J--V *characteristics at AM1.5G illumination of the bare (masked) solar cell and the cell with the external light trap (cage and concentrator). Because of the light trapping, the short circuit current density (*J* ~sc~) and the current at the maximum power point (*J* ~mpp~) improved by 14% and 15%, respectively. No significant change in the fill factor and open circuit voltage (*V* ~oc~) was measured. To understand the origin of this enhancement, we determined the internal quantum efficiency (*IQE*), absorptance, and external quantum efficiency (*EQE*).

![*J*--*V* characteristic of the bare solar cell (with the cage used as a mask) and the solar cell with the external light trap.](PIP-24-623-g006){#pip2702-fig-0006}

The *IQE*  $\left( {\textit{IQE} = \frac{\textit{EQE}}{A_{\text{sc}}}} \right)$ of the bare cell was determined by measuring the absorptivity (*A* ~sc~=1 − *R* ~sc~) and the *EQE*; see Figure [7](#pip2702-fig-0007){ref-type="fig"}. For short wavelengths (*λ*\<400 nm), the absorptance of the bare cell is high (\~80--90%). The relatively high parasitic absorptance in the ZnO front contact and the (not photovoltaically active) *p*‐layer results in a low *EQE* and *IQE*. This implies that there is only a small potential for improvement (\~10% to 20*%* ~relative~) in this short wavelength regime. For wavelengths around 600 nm, the reflectance is 10% to 40%, while at the same time, the *IQE* is high. This provides significant room for improvement by external light trapping. For longer wavelengths (*λ*\>700 nm) there is 40--60% reflection. With further increase of the wavelength, the absorptance in the nc‐Si reduces compared with the parasitic absorptance, and therefore, the *IQE* drops to zero. In the first order, the achievable *EQE* improvement is given by *EQE* ~*↑*~=*R* ~sc~·*IQE*. Thus, the light trap mainly improves the response when both *R* ~sc~ and *IQE* are high, this is the case for \~400\<*λ*\<\~900 nm. The observed optical interference patterns are mainly due to the Fabry--Pérot modes in the 1.2 μm thick Si layer.

![Plot of the total absorptance, the *EQE*, and the derived *IQE* of the bare solar cell.](PIP-24-623-g007){#pip2702-fig-0007}

Figure [8](#pip2702-fig-0008){ref-type="fig"} shows the *EQE* of the bare cell (*EQE* ~bare~), the *EQE* of the cell with trap (*EQE* ~trap~), and the *EQE* as calculated using the model (*EQE* ~model~). There is a significant *EQE* improvement from *EQE* ~bare~ to *EQE* ~trap~ over the full spectrum. At short wavelengths, the improvement is due to retro‐reflection of light that is reflected at the front interface of the cell. Thereby, the net reflectance is reduced somewhat similar to that of an anti‐reflection coating. For long wavelengths, there is also retro‐reflection of light that passed the solar cell but was not absorbed. The enhancement demonstrates that indeed the external light trap effectively prolongs the optical path length in the cell.

![Plot of the *EQE* ~bare~ and internal quantum efficiency (*IQE*) of the bare solar cell (without light trap). Also shown is the external quantum efficiency (*EQE*) of the solar cell with external light trap (*EQE* ~trap~) and the expected *EQE* of the cell with light trap based on the optical model (*EQE* ~model~). The external path length enhancement factor (top of figure) shows that there is an improved optical path length for all wavelengths. As expected, there is an anti‐correlation of blackΠ~ext~ with the interference pattern as indicated by the red and blue bars.](PIP-24-623-g008){#pip2702-fig-0008}

The curve of *EQE* ~trap~ is smoother than that of *EQE* ~bare~, which can be explained by two effects. First, as the *EQE* ~trap~ converges toward the *IQE*, the interference fringes are reduced. Second, the trap offers a range of non‐normal angles of incidence resulting in a range of different overlapping Fabry--Pérot resonances with a more constant average. A distribution of the path length in the cell with a small dispersion of just a few percent significantly smoothens the absorptance and *EQE*.

From the introduced model (Eq. [(3)](#pip2702-disp-0005){ref-type="disp-formula"}), the achievable *EQE* was calculated using *EQE* ~bare~ and the *IQE*; see *EQE* ~model~ in Figure [8](#pip2702-fig-0008){ref-type="fig"}. The following parameter values were used: *T* ~*c*~=0.95, *C* = 6, and *R* ~*cg*~=0.93. The overall trend of *EQE* ~model~ corresponds well with the measured *EQE* ~trap~. There is excellent agreement at short wavelengths between the model and the experimental data. The observed decrease of the interference fringes of *EQE* ~trap~ corresponds with the trend of the model. Although the *EQE* ~trap~ approaches *EQE* ~model~, there is a discrepancy that is attributed to several losses that were not included in the model. (i) The glass between the light trap and the solar cell enables some light to escape sideways. (ii) The printed cage and the CPC are not perfectly smooth, resulting in unwanted parasitic absorption and reflection in unintended directions. (iii) Imperfect interconnection of the cell, the 3D‐printed cage, and the CPC causes small cavities (around a few hundred μm) that give rise to a small escape loss (estimated to be a few percent). (iv) The wavelength dependence of the parameters was not taken into account. Finally, as *IQE* ~trap~ cannot be determined experimentally, we assumed for the model that *IQE* ~bare~ is equal to *IQE* ~trap~. Based on the model, the *J* ~sc~ of the cell with light trap could be ideally 19.9 mA/cm^2^. Therefore, by reducing the indicated loss mechanisms, one could gain another 2.9 mA/cm^2^.

The realized and expected external path length enhancements (Π~experimental~ and Π~model~) were calculated by evaluating Eq. [(4)](#pip2702-disp-0006){ref-type="disp-formula"} on the implied absorptivity as described in the Supporting Information; see top of Figure [8](#pip2702-fig-0008){ref-type="fig"}. The external path length enhancement ranges from 1.5 to 2.5× in the long wavelength regime, where light trapping is mostly needed. The pattern of Π~experimental~ agrees with the expected * Π~model~.*

The path length enhancement is anti‐correlated to the *EQE*, as can be seen from the vertical red and blue background bars in Figure [8](#pip2702-fig-0008){ref-type="fig"}. This agrees with the optical model, which indicates that the achievable path length enhancement is roughly inversely related to the bare cell absorptance (Supporting Information). Besides that, the before mentioned smoothening of *EQE* ~trap~ also results in an anti‐correlation of the Π~ext~ and *EQE* data as the interference minima of the *EQE* ~trap~ relatively increase, while the maxima relatively decrease.

A high‐quality external light trap with a moderate (e.g., \~10×) path length enhancement factor and low parasitic absorption losses results in an *EQE* ~trap~ just below the *IQE*. In the design process of solar cells that are to be combined with a light trap, one has to optimize the *IQE*. This can be carried out by preventing undesirable parasitic absorption, for example, in the back reflector [52](#pip2702-bib-0052){ref-type="ref"}.

The question now arises how external light trapping differs from conventional light concentration. Concentrators are commonly used to concentrate light directly on a solar cell to profit from reduced, relative expensive, cell usage and the higher open circuit voltage. For a cell under concentrated light (without internal light trapping), light traverses the cell just back and forth, after which the non‐absorbed light escapes through the front surface. However, for a cell with an external light trap, the light is forced to traverse the cell many times, which allows the use of thinner and untextured cells, resulting in less bulk and surface recombination.

Several improvements for external light trapping can be envisaged. The (individual) external light trap can be scaled to a larger area by designing a CPC array as was shown recently [49](#pip2702-bib-0049){ref-type="ref"}. Large trapping arrays can be made at low cost from ABS plastic (which we also used for the 3D printing) by injection molding. It has been shown that the thickness of CPC arrays can be scaled down to the micrometer range, which benefits module integration [23](#pip2702-bib-0023){ref-type="ref"}, [24](#pip2702-bib-0024){ref-type="ref"}. The need of sun tracking can be eliminated by matching the acceptance cone of the CPC to the path of the sun. Finally, the positive effects of an enhanced *V* ~oc~ due to light concentration can be combined with light trapping. For example, when a CPC with a concentration factor of 6× is combined with a solar cell with a smaller area of *A* ~cell~=*A* ~CPC~/2, there is both concentration (effectively 2×) and light trapping (Π~ext~=3×). This also enables mitigation of the high shading losses of the metal grid in concentrator cells of 10--20% [47](#pip2702-bib-0047){ref-type="ref"}. Moreover, the reduced flux will help to mitigate heat problems at cell level compared with full concentration.

The design of the cage is another aspect of the light trap that can be improved. It has been shown that an oblate hemi‐ellipsoidal cavity with a specular reflective coating would be an interesting candidate [30](#pip2702-bib-0030){ref-type="ref"}, [41](#pip2702-bib-0041){ref-type="ref"}, [53](#pip2702-bib-0053){ref-type="ref"}, [54](#pip2702-bib-0054){ref-type="ref"}, [55](#pip2702-bib-0055){ref-type="ref"}. In this design, the solar cell is located in between the focal circle of the ellipsoid, and thereby, all the light reflecting from the solar cell is reflected backwards to the cell in just one reflection. This enables efficient recycling as it keeps the parasitic absorptance by the cage low.

For isotropically distributed incident diffuse light, a fraction 1/*C* is transmitted by the parabolic concentrator [34](#pip2702-bib-0034){ref-type="ref"}. Therefore, the use of low concentration factors (*C*\~2‐10×) enables transmitting 10--50% of the diffuse light. There is an inevitable trade‐off between loss of diffuse light and reduced escape probability (within the light trap) with increase of *C*. Further research should be performed to determine an optimal concentration factor. Alternatively, it is worthwhile to model and realize an earlier proposed concept in which both the diffuse and direct components are harvested by geometric separation [56](#pip2702-bib-0056){ref-type="ref"}.

5. Conclusions {#pip2702-sec-0006}
==============

We used a combination of a 3D‐printed parabolic concentrator and a light cage to demonstrate external light trapping for a thin‐film nc‐Si:H solar cell. We showed a 15% enhancement of the energy conversion efficiency in this cell with respect to the same cell without an external light trap. The external light trap recycled both the unwanted reflection from the front side of the cell and enhanced the poor absorptance in the long wavelength regime. The measured absorptance enhancement at short wavelengths demonstrates the anti‐reflection effect of the trap. We introduced an absorptance model for external light trapping and showed good correspondence with the experimental data. As a result of light trapping, a path length enhancement factor up to 2.5× was observed. Several optical loss mechanisms were found and described that can be targeted in future research to obtain better trapping than this initial result. For further research, we recommend to focus on the accuracy and the related transmittance of the CPC.

The parasitic absorption losses of this first prototype of the CPC are more than compensated by the gain in the cell absorptance. We showed that the efficiency improvement is caused by an unprecedented broadband absorption enhancement by the external light trap [57](#pip2702-bib-0057){ref-type="ref"}, [58](#pip2702-bib-0058){ref-type="ref"}, [59](#pip2702-bib-0059){ref-type="ref"}, which is universally applicable to all solar cell technologies. Higher gains can be expected upon further optimization of the reflections in the trapping system. Reducing the cell thickness combined with the external light trap is a promising way for further efficiency improvement.

The trap enables decoupling of the optical and electric optimization, which yields new perspectives for the design of solar cells. In the current solar cell market, revolutionary light trapping architectures are needed to obtain higher efficiencies. The demonstrated 3D‐printed external light trap is an attractive candidate to accomplish this target.
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